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INTRODUCTION

The use of optical coherence tomography (OCT) to study polymer matrix composites (PMCs) is
very recent. So recent, in fact, that the full potential and limitations of this technique have yet to
be studied completely since PMCs are a large and varied class of materials. At the onset of this
program, OCT was pursued as a technique to non-destructively study PMCs because it offered a
combination of spatial resolution and depth of penetration that was not currently available.
Research efforts have been focused thus far on fiberglass reinforced composites, although some

work has been done on Kevlar®.! A comparison of OCT and more traditional non-destructive

evaluation (NDE) techniques in the area of PMCs is provided later in this chapter. The
discussion will focus on OCT as an NDE tool for microstructural and defect characterization and
damage assessment. Since this chapter is a departure from the rest of this book, an introduction
to PMCs to provide background and direction is given below.

POLYMER MATRIX COMPOSITES (PMCs)

PMCs are heterogeneous materials consisting of, in general, a polymer matrix and reinforcing
fibers. The fibers provide the load bearing capability and are generally classified as either
inorganic, with glass being the largest category, or organic. Carbon fibers are the most common

type of organic based reinforcement but polymeric fibers like Kevlar® are also widely utilized.

Initially, the discussion will be focused on both carbon and glass. Then, the bulk of the
discussion will shift towards the glass reinforcement because OCT cannot image carbon fiber
reinforced composites. Carbon strongly absorbs visible and near infrared light. The selection of
fibers influences the following properties of the PMC: specific gravity, tensile strength and
modulus, compressive strength and modulus, fatigue strength, electrical and thermal
conductivities, and cost. The reinforcement can exist as short fibers that range from several
hundred micrometers long to many millimeters in length or as continuous fibers that are meters
long. Continuous fibers can be woven into two or three dimensional fabrics, depending on the
load bearing requirements. An example of an application that has load bearing requirements is
the use of glass reinforced PMC in bridges for decks, reinforcing bars, tendons, cables, beams,
columns, and paneling.” Figure 1 shows a bridge erected in Scotland with composite cables,
towers, and deck.’

The polymer matrix aids in forming the fibers into a final structure, contributes toughness to the
composite by transferring loads between fibers, and protects the fibers from chemical and
physical degradation. The choice of matrix material depends upon the desired end-use properties
such as adhesion to the fibers, modulus, shrinkage, thermal stability, corrosion resistance, and
specific chemical resistance. The matrix for a composite can be thermoplastic or thermoset. A
thermoplastic matrix is a fully reacted polymer of several thousand repeat units that can
repeatedly be heated and reshaped. In contrast, a thermoset matrix begins as small molecules
and reacts during fabrication to form a cross-linked network with virtually infinite molecular
mass. This solid is permanent and cannot be re-shaped upon heating, but it more resistant to
attack by organic fluid. Composites are usually designed so that fibers carry the loads, leaving
the matrix to play a secondary role. The matrix provides resistance to buckling of fibers loaded
in compression and transfers load between fibers and around fiber breaks when they are in
tension. Even the best designs, however, cannot always avoid loads in directions not dominated
by fibers. One example is delamination where loads perpendicular to the fiber layers cause the



layers to separate. For such cases, the properties of the matrix are very important. More basic
information about polymer science and technology is available elsewhere.” In this chapter, the
composites of interest consist of a thermoset matrix and continuous glass fibers.

The fiber-matrix interface region, frequently called the interphase, is also important to composite
performance. This region contains interactions, both chemical and physical, between the fibers
and the matrix. The quality of the interphase has a substantial effect on the lifetime of the PMC.
A good interphase, or interaction, is desired and will efficiently transfer load between fibers and
support loads transverse to the fibers. A poor interphase may result in premature failure of the
composite. Surface treatment of the fibers promotes adhesion between the fibers and matrix by
depositing or generating molecules at the fiber surface.® These molecules wet and may even
react with the fiber surface at the same time they become entangled with or react with the matrix.

There are several reasons why polymer matrix composites are used over more traditional
materials such as metal and wood. The biggest advantages are their high strength-to-mass and
modulus-to-mass ratios and design flexibility. Other advantages are longer lifetime, mechanical
damping, and controllable thermal and electrical conductivity. The biggest disadvantages
include the high cost of raw materials and manufacturing, low toughness, environmental
degradation, and the lack of standards for testing and long term performance. Although
recycling is an issue in certain applications, the use of recycled PMC as filler in new parts is
being implemented.” Probably the biggest hurdle that inhibits the breakthrough of composites
into high volume, commercial markets is bringing down the high cost of the composite by
reducing waste through improving manufacturing methods and quality control. OCT can aid in
this endeavor.

Traditionally, PMC were used in high cost applications such as commercial and military aircraft
and weapons where decreasing weight is of greater concern than cost. Some specific PMC
components that have been used are wings, rotors, tails, rudders, fins, and ailerons.® In a recent
application, a business jet fuselage was built with a carbon fiber honeycomb composite that was
made in only two pieces. This PMC fuselage weighs less than 1000 lbs. and provides more
cabin space because of reduced wall thickness when compared to aluminum.” PMCs are not
simply limited to high performance, high cost aircraft and aerospace applications. They have
expanded into the transportation, marine, infrastructure, construction, and consumer markets.

For example, the body panels of the Chevrolet Corvette are made out of glass reinforced
composites.® In 1996, a nylon-6,6 and glass fiber air intake manifold was introduced on the Ford
Mustang V8.” Now, all General Motors air intake manifolds and fuel injector rails are glass
reinforced nylon-6,6. Spoolable composite pipe and tubing products constructed with
thermoplastic liners for corrosion resistance and pressure containment are being installed into
North Sea oil wells.'® In addition to power and sail boats, PMC have also been used in sea walls,
pilings, and docks. In the construction industry, decking, roofing, and walkways have been
made with PMC. Bridge columns in California have been wrapped with carbon fiber embedded
in epoxy to provide additional support against earthquakes.'' The first composite reinforced
concrete deck on a vehicular bridge was built over Buffalo Creek in McKinleyville, West
Virginia.'” The incorporation of composites in the consumer industry is found mainly in
sporting goods and are best known in golf club shafts and fishing rods. Tennis rackets made
with carbon fiber composites have the rigidity required to produce a more accurate shot than
traditional wood rackets. Stiff composite frames on bicycles prevent twisting on rugged terrain



while still affording weight savings, and carbon fiber skis and ski poles are also entering the
market."

With all of the aforementioned examples of applications of PMCs, why the interest in the non-
destructive evaluation of these materials? Although composites have demonstrated superior
performance in many applications, their high cost prevents them from gaining in-roads into high
volume, cost competitive markets. The major obstacle in cutting the cost of PMC lies in
increasing the speed of the manufacturing process while maintaining or increasing the quality of
the resulting composite part. This is where NDE plays a role in cutting costs.

The final properties of a composite are highly dependent upon, among other variables,
microstructure and defects. Microstructure is defined as any physical characteristic within the
PMC that can be identified with some regularity. Defects are physical characteristics that are not
planned and prevent the composite from achieving optimal properties. For example, the size and
shape of glass tows are considered microstructural characteristics. How the layers of glass orient
themselves when the mold is closed is also considered microstructure. Any microscopic or
macroscopic void in the reinforcement is considered a defect. Wrinkling of the reinforcement in
the final part is considered a defect. Microstructure and defects are highly influenced by the
manufacturing or processing of the PMC. For example, in fabrication by resin transfer molding
where the reinforcing fibers are placed in a mold and the matrix resin is then injected, the
number, size, and mechanism of voids formed were found to be dependent upon the
reinforcement type and injection pressure.'* The effects of voids upon shear, tensile, and
flexural strengths have been the subject of much study.'>'®!" The final composite properties are
heavily, although not solely, dictated by the microstructure and defects. The need for a
microstructure and defect characterization tool led to the exploration of OCT of composites.

NON-DESTRUCTIVE EVALUATION OF PMCs

OCT has some advantages and disadvantages over conventional NDE techniques. This
discussion of NDE is limited to those techniques that are mainstream or similar to OCT. An
analogous optical technique used widely in the biological community is confocal optical
microscopy. There is very limited information in the literature about confocal optical
microscopy of PMCs.'® The most likely explanation for this is that the highly scattering nature
of composites makes any appreciable depth of field impossible with confocal microscopy. It has
already been demonstrated that the resolution, depth of field, and dynamic range of OCT are far
superior to confocal optical microscopy for PMCs."”

Ultrasonic imaging is a good method to compare with OCT because ultrasound is a major NDE
technique. Both transducer and laser based ultrasonics have been used on composites, although
measurements with a transducer are complicated by the requirement of a coupling material
between the transducer and composite. The practical resolution of ultrasonics is on the order of
hundreds of micrometers with tens of millimeters penetration depth.***' Ultrasound imaging is
primarily used to observe defects and works best with planar samples.”® A major drawback to
ultrasonics is that the depth of a feature must be determined by model studies, whereas, it is
known precisely using OCT. Both OCT and ultrasonics suffer from contrast degradation and
shadowing through the sample thickness. However, ultrasound can successfully image voids and
damage in carbon fiber reinforced composites whereas OCT cannot.



X-ray based techniques are used extensively to evaluate damage and have been applied less
frequently to the examination of voiding and tow placement. Composite damage has been
studied with x-ray radiography.”>** All x-ray techniques rely on the contrast generated by the
differences in the attenuation of the x-ray beam to differentiate heterogeneity from undisturbed
material. Unlike ultrasound, this technique is non-contact. However, it may be necessary to use
a dye tracer to provide contrast between the damage zones and the rest of the composite. Also,
superposition of features can confound interpretation with this conventional film radiography. A
more recent technique, x-ray computed tomography (CT), relies on the measurement of
transmitted radiation from many angles to reconstruct an image of the composite.24 X-ray CT can
be used to detect various heterogeneities such as resin/fiber distribution, anisotropic fiber
structure, voiding and porosity, as well as damage events. The x-ray transmission is limited by
the density, size and atomic number of material and x-ray source available. Perhaps the biggest
drawback is the spatial resolution, which is typically 500 um. With specialized sources and
detectors, the spatial resolution can approach a few tens of micrometers with objects tens of
millimeters in maximum dimensions at great cost.**

Nuclear magnetic resonance (NMR) imaging has been performed on composites with some
success,” but has one major drawback. Imaging of glassy polymers such as epoxy is very
difficult because of the very long spin-lattice relaxation time (T)) that leads to line broadening
and a very short spin-spin relaxation time (T,) that cannot be detected with current electronics.
Thus, samples are usually imbibed with a liquid, and it is the relaxations of the liquid that are
monitored. The spatial resolution is comparable to OCT, reportedly down to 10 um.*® In
addition, carbon fiber composites can be imaged in the majority of cases, except where the plane
of the laminate sheets is perpendicular to the radio-frequency (RF) field since the conductive
sheets screen the RF field within the coil.>” But as with ultrasound, voids and other defects are
usually imaged instead of microstructure.

OCT INSTRUMENTATION

The imaging system used for the experimental work described in this chapter is from the
laboratory of Professor James Fujimoto at the Massachusetts Institute of Technology,
Cambridge, MA and is shown schematically in Figure 2.** A commercial superluminescent light
source was used. The source operated at 1.3 um with an output power of up to 15 mW and a
spectral bandwidth of 40 nm, corresponding to an axial spatial resolution of 20 um. The laser
light was coupled into a single-mode fiber-optic Michelson interferometer and delivered to both
the reference mirror and the sample. The reference mirror was mounted on a rotating
galvanometer, which was driven with a sawtooth voltage waveform. Transverse scanning was
performed using a computer controlled motorized stage to translate the sample.

The interferometric signal was electronically filtered with a bandpass centered on the fringe or
heterodyne frequency. The filtered fringe waveform was then demodulated, digitized and stored
on a computer. The high dynamic range of this system allowed back-reflections as low as
femtowatts to be detected. Images were displayed by mapping the logarithm of the signal
strength to a gray scale look-up table. The acquisition time for each image was approximately 1
min. The axial (z) measurement range was determined by the distance moved by the reference
mirror (4.5 mm) normalized by the refractive index (n) of the sample: 4.5 mm/n. For the epoxy
matrix samples discussed here, the refractive index was 1.55. For the vinyl ester matrix sample,
the refractive index was 1.55 for the low void sample and 1.46 for the high void sample. The



probe beam was focused to a 30 um diameter spot at a depth of approximately 750 um to 1000
um below the surface of the sample. For the images presented here, (1.5 to 2) mm depth can be
resolved with good contrast. More recent work indicates that at least 4 mm can be resolved in
these samples.

The OCT images were taken for both the epoxy and vinyl ester matrix composites with the fibers
oriented perpendicular to the laser as shown in Figure 3. For any position along the x axis,
reflections that represent heterogeneities are collected as a function of z. The sample is then
moved with a motorized stage to image a new x,z slice of the composite, and this process is
repeated for various positions along the fiber, or y axis. The transverse resolution along the x
axis is estimated to be 40 um. The transverse resolution is governed by spot size and scan rate:
there is an inverse relationship between transverse resolution and sampling depth. The axial
resolution along the z axis is 20 um. The images typically contained (300 or 350) x 450 pixels.
All samples were tilted 4° to avoid collection of the laser reflection from the top surface.

OPTICAL COHERENCE TOMOGRAPHY OF POLYMER MATRIX COMPOSITES
Imaging of Microstructure and Defects

The following discussion focuses on some of the very first results we obtained on PMC.” The
composite samples of initial interest for OCT were composed of 7 layers of a unidirectional E-
glass fabric in an epoxy resin. Figure 4 shows an OCT image of the entire cross-section of the
composite. The image is 6.0 mm wide (x axis) and 3.7 mm deep (z axis). Each tow is typically
1 mm wide and 550 um thick. A tow is a bundle of the individual glass filaments. This image is
a composite of two images taken from the top and bottom of the sample at the same y position as
shown in Figure 3. The bottom image quality is slightly degraded compared to the top image
due to the difference in quality between the top and bottom surfaces. The dark ellipses indicated
by an arrow are the polyester threads that are stitched to hold each layer of the fabric together.
The light regions outside of the tows are identified as resin rich areas, and the medium gray
regions are the fiber tows. The black spots within the fiber tows could be voids from incomplete
wetting of the fiber tows and consequent air entrapment. However, care must be taken when
interpreting these images for the following reasons.

It is well known that the contrast between features degrades as a function of depth because of
scattering of photons. This contrast degradation is much more pronounced than for biological
materials. For this particular figure, since it is a composite of top and bottom images, the noise
increases as you move towards the center of the sample thickness. The intensity of the light
reaching a particular depth for any position across the sample is affected by how strongly
features directly above that position reflect or randomly scatter the light. Although the structure
of this sample is somewhat regular, it is difficult to predict its effects on the scattered light.
Therefore, for any particular depth within the sample, the intensity of a pixel or group of pixels
cannot be assigned to a particular feature upon first inspection. For example, a light area within
a tow could result from a resin rich region, the destructive interference caused by a group of
fibers, or shadowing from a strongly reflecting feature from above. In addition to lens and
interference effects in the sample, another source of noise arises from the gray vertical lines that
project from the black reflection at the air/composite interface. These lines are a result of
detector saturation from the signal at that strongly reflecting interface. In fact, the noise from the
instrumentation is far below the level of noise generated from the sample itself. From the above
discussion, it is obvious that the best way to differentiate real features from artifacts is to



evaluate a number of slices from a different perspective, perhaps along the x-y plane at a
particular z position.

The OCT volumetric image of the epoxy/unidirectional E-glass composite has been
reconstructed, as shown in Figure 5 so that it may be re-sliced along any plane of interest for
inspection.”® The image dimensions are 6.00 mm along the x axis, 1.48 mm along the z axis, and
3.85 mm along the y axis. The gray ellipses are the fiber tows which are approximately 2 mm
wide and 750 pum thick and consist of about two thousand, (10 to 20) um diameter glass fibers.*
The long axis of the tows is shown on the x-y plane. The polyester stitching that holds a single
layer of tows together is indicated by the black arrows. Upon closer inspection, small dark areas
are evident inside the fiber tows. These dark areas are high reflectivity regions indicative of
individual voids. During the molding process, air can become entrapped as channels in tows if
there is insufficient driving pressure, high resin viscosity or low reinforcement permeability.’’
Also, OCT images provide important information about the permeability of the reinforcement
since the stacking of the layers has a large influence on the infiltration of the resin with the
reinforcement, as we will see later. A preform with the tows in a nested configuration has about
a 50 % lower permeability than the same material with the tows in a stacked configuration.**

Figure 6 displays a cross-section of the composite along the x-y plane at 740 um from the top
which bisects the middle row of tows in Figure 5.>* The dark features of high reflectivity shown
by arrow 1 are the polyester threads that holds the layer of tows together. The dark, elongated
regions parallel to the y axis are thought to be voids (arrow 2). However, the issue of contrast
degradation through the thickness can be assessed with a simple calculation. Power reflectivity
for the fiber/resin and resin/void interface can be easily calculated: [(n-ny)/(n;+ny)]%. This
equation suggests that the voids will be much higher back-reflecting than the fibers. Therefore,
as we lose signal because of scattering attenuation, one should clearly see the voids much deeper
inside the sample than the fibers. There are also geometric effects on the reflectivity which
depend on the shape of the reflecting/scattering boundary and can be included in the modeling.
Roughly speaking, the back-reflected signal will also be larger if the boundary has less curvature.
With known reflectivity and scattering, one could estimate features (i.e. voids) at different
positions along the z axis. The correlation between voids and depth of penetration is
demonstrated further in the following figures.

Figure 7 contrasts the OCT cross-sectional images of the low (a) and high (b) void content vinyl
ester resin and glass samples as discussed in previous work.”” These images are uncorrected in
the axial direction. In Figure 7a, individual fibers can be discerned near the top of the image.
These fibers appear as a speckled pattern. As discussed before, the contrast fades as a function
of depth in the images, so fewer of the individual fibers can be discerned. In Figure 7b, some
individual fibers can be identified. More importantly, there are larger black features that can be
correlated with the existence of voids, as shown in the next figure.

Figure 8a is the re-scaled Figure 7b and compares the OCT image of the high void content
composite with the corresponding optical micrograph, 8b. The OCT image was collected at 260
pum in the z direction while the optical micrograph was from a section taken at 270 pm. From
multiple optical micrographs, these voids extend from at least (180 to 360) um, making the
comparison valid. The dimensions of Figure 8a are 5.1 mm wide and 1.9 mm deep, and the
dimensions of Figure 8b are 5.1 mm wide and 1.8 mm deep. The dotted lines show the
correspondence of representative voids in the OCT and the optical microscopy images. The



voids observed in the micrograph image, 8b, can be seen in the OCT image, 8a, but the
delineation of the void boundaries are not as pronounced in the latter. The small, resin rich areas
in Figure 8b are not detected in the OCT image.

Figure 9a displays an OCT image of the low void sample and the corresponding optical
micrograph in Figure 9b. The dimensions of Figure 9a are 6.0 mm wide and 2.0 mm deep.
Although some correspondence can be made at shallow penetration depths, it is difficult to
identify the resin rich areas in 9a that are so prominent in the 9b. The dimensions of Figure 9b
are 6.2 mm wide and 1.7 mm deep. Figure 9b is 170 um along the z axis. Multiple OCT images
are essentially identical from 180 pm to 2180 um along the z axis. The OCT image is
featureless for two reasons. The first is the previously mentioned attenuation as a function of
depth. The second is the fact that small features that do not have large refractive index
differences, like embedded voids, are difficult to detect since boundaries can become blurred in
this technique.

Other types of reinforcement were also imaged in previous work.” The volumetric
reconstruction of the epoxy/0-90° woven composite is shown in Figure 10. In this image, tows
that run along the x axis are positioned above and below tows that are parallel to the y axis. The
image dimensions are 6.14 mm along the x axis, 2.13 mm along the z axis, and 4.95 mm along
the y axis. Arrow 1 identifies the tows along the x axis that are crossing over the tows along the
y axis. Arrow 2 shows the tows along the y axis that are crossing over the tows along the x axis.
The layer microstructure has a direct influence on mechanical properties and has been studied
elsewhere™. Now that we have established that OCT can be used to examine composite
microstructure, we present an example of how the microstructure, obtained using OCT,
influences real properties.

An important fiber reinforcement property for manufacturing is the permeability. Permeability is
the factor that controls the rate of fluid flow through the mold during the manufacturing of the
PMC. Knowledge of the permeability tensor in liquid composite molding is important for
process optimization. Unfortunately, experimental determination of the permeability is difficult
and time consuming.*® In previous work, binary images were generated from the OCT data and
input into a lattice-Boltzmann fluid flow model for permeability prediction.”’ Calculated
permeabilities were compared to experimental values for the same fiber volume fraction.

Fluid flow in Liquid Composite Molding (LCM) processes such as resin transfer molding (RTM)
is usually modeled using Darcy's Law given by

K
v=—=.VP (1)
u

where v is the vector of average (superficial) velocity in the medium, P is the pressure, K is the
symmetric, second order permeability tensor, and p is the fluid viscosity. Darcy’s law is a
volume-averaged model in which all the complicated geometry of the fiber preform structure is
accounted for through the permeability. Accurate permeability data, therefore, are a critical
requirement if a priori modeling efforts based on Darcy's law are to be successfully used in the
design and optimization of these processes. Currently, the most reliable and commonly used
technique for obtaining permeability values is experimental measurements in either radial or uni-
directional flow configurations.”® However, experimental characterization is slow, as it involves



a large number of carefully controlled experiments over a large range of volume fractions.
Another more serious limitation is the difficulty conducting experiments on the materials in the
deformed states they encounter when placed in LCM tooling, although there have been some
recent efforts.”

In light of these limitations, computational prediction of permeability *****'** offers a potentially

accurate and robust alternative to experimental methods. Such calculations involve imposing a
pressure drop across the media, solving the appropriate transport equations for the detailed flow
field, and then back-calculating the permeability by applying Darcy’s law. The biggest
drawback of this approach has been the inability to determine quickly and accurately the detailed
geometry of the fibrous preform materials, which in addition to many intricate structural
features, typically contain statistical variations and defects in their microstructure.* Without a
precise representation of the media, it is not possible to accurately predict permeability values
using computational methods.

There have been two main approaches to the problem of microstructure determination. The first
is to perform calculations on small, computationally efficient “unit cell” structures using nominal
dimensions that represent the average preform structure. The major problem with this approach
is that calculations on the “average” unit cell structure do not in general, yield an accurate value
for the average permeability.® A second approach is to determine the microstructure via optical
methods (e.g., microscopy), and directly perform the numerical calculation on a discretization of
the optical image. This approach has the advantage of exactly representing the media, and by
including large sections of the media in the image, variations and defects in the microstructure
are automatically accounted for in the calculation. However, until recently, this approach was
probably even more tedious to perform than direct experimental measurement of permeability
since the composite specimens typically had to be carefully sectioned, polished and examined.
However, OCT offers a means for rapidly and non-destructively determining the microstructure
of fiber reinforced plastic materials.

Governing Equations

Modeling the flow in fibrous reinforcement is complicated by the existence of an open region
outside of the tows and micro-pores created by the individual fibers inside the tows. Following
previous studies, >***'*** the Stokes equation, given by

VP =puV3y (2)
is used to model flow in the open regions. The Brinkman equation, given by
V(P)=uV?(v)= K™ (v)  (3)

is used to model flow in the micro-pores created by the individual fibers inside the tows, where K
is the permeability of the porous tows. In both regions, the continuity equation,

V=0 (4)

1s used to enforce conservation of mass.



Permeability Computation

Permeability for different flow directions was computed by imposing a constant pressure along
opposite faces of the lattice in the desired direction and integrating the system of equations above
to steady-state. Estimates for the intra-tow permeability values were obtained from the formulas
given in previous work.>> The steady-state velocity field at the inlet was integrated over the
surface to obtain the flow rate, O, and this was used in the formula

_noL

= 5
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to obtain the effective permeability, K.z, for the desired direction.

Before permeability could be predicted, the OCT images were converted to binary images in the
following manner. An automated image processing program was written using MATLAB 5.1
with the Image Processing Toolbox to convert the raw gray scale OCT images to binary images
of glass fiber and epoxy (Figure 11). The raw image is first rotated and cropped to eliminate
sample tilt and edge effects. An example of this pre-processed image is provided in Figure 11a,
where the darker ellipses correspond to the three cross-sectional layers of fiber tows while the
lighter regions are due to the epoxy. The image is then doubled in size by linear interpolation of
adjacent pixels to minimize any artificial alteration of the tow size in subsequent image
processing. To increase the contrast between the darker tows and the lighter epoxy regions, a
variance image is created by replacing the intensity value of a 2x2 cluster of pixels with the
standard deviation of that cluster. In the next two steps, spurious light pixels within the tow
regions and vertical lines corresponding to detector saturation are eliminated. Using the
automated program, the boundary of the tows are determined and a binary image (Figure 11B) is
formed. Smoothing and filling operations that maintain the area of the tows are being pursued.
The resulting binary image is then used as input for the permeability modeling.

The results from the permeability calculation are shown in the table. The value for the
experimental axial permeability (K) is 5.3 x 10™ mm? and results from one axial flow
experiment. The axial K is the K measured along the fiber tows, or in the y direction as in Figure
5. The standard deviation (+) associated with it is taken from previous work with this
reinforcement at higher fiber volume fractions.** Image sets for computing K values within this
table were processed in two different ways: For the “Manual” method, the tow outlines were
drawn by sight and filled in to generate a binary image. Images using the “Automated” method
were processed as described in the previous paragraph. For Data 2, the axial K of 3.81 x 10™
mm?” is considered to be the best possible value because the images are manually drawn. Part of
the discrepancy between the experimental value for K and the calculated values may also
originate from micro-scale variations of permeability within the fabric. The twenty one images
used in these calculations represent only a width of 6.0 mm, a depth of approximately 1.5 mm,
and, most importantly, a length of 1.0 mm. For comparison, the size of the reinforcement used in
experimental determination of permeability is 15 cm wide, 1.3 cm deep and 15 cm long. The
effect of micro-scale variation in the permeability can also be illustrated by comparing K from
Data 1 and Data 2. The K from Data 1 is 4.45 x 10 * mm” and is calculated using five images,
whereas the K from Data 2 is 3.81 x 10 mm? and is calculated using twenty-one images. Data 5
is calculated on a totally different section of the composite and yields an axial permeability
within the experimental error.
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For the automatically processed images in Data 3, the axial K of 2.83 x 10 mm? is much lower
than for Data 2. For Table 1, the Brinkman fraction is defined as the area occupied by the tows.
The higher the area occupied by the tows (or the higher the Brinkman fraction), the lower the K
because there is less open space available for fluid flow. If the Brinkman fractions are
considered, then the axial K for Data 3 should be higher than for Data 2 since the Brinkman
fraction for Data 3 is slightly lower than for Data 2. From these results and from analysis of the
fluid velocity data, we conclude that the roughness of the tow boundaries has a large influence
on the velocity of the flow because it acts to increase the resistance to flow. This influence
propagates to the middle of the channels between the tows where fluid velocity should be at a
maximum.

This conclusion is supported by results from Data 6 when compared to Data 7. The images from
Data 6 are originally from Data 2, the manually processed images. However, a small amount of
roughness was introduced in Data 6 while retaining nominally the same Brinkman fraction. For
Data 7, the images in Data 2 were dilated to increase the Brinkman fraction, but the roughness
was not altered. When the axial K from Data 7 is compared to Data 6, the result is initially
unexpected. A relative increase of roughly 4% of the Brinkman fraction in Data 7 should lead to
a decrease in axial K over Data 6, but the result is the opposite. The axial K of Data 7 is higher
than Data 6. This comparison between the permeabilities from Data 6 and Data 7 mean that an
increase in roughness will have more of an impact on permeability than a similar increase in
Brinkman fraction. These results also highlight the importance of processing the images as close
to the actual structure as possible.

Imaging of Damage

Both microstructure and damage in polymer matrix composites are often characterized using
destructive techniques such as microscopy on sectioned samples which provides detailed
information on a small size scale. The capability to measure these features non-destructively,
however, is very desirable since that permits monitoring of damage evolution and correlation of
the results with microstructural features that can initiate, influence, or even control the damage.
It is even more advantageous if these measurements are performed with a single technique
because this eliminates the complications involved in combining data from different sources.

OCT has also been used for non-destructive evaluation of damage in composites in previous
work.?® This approach is important in providing an understanding of the initiation of failure
since there is little in the literature about the NDE of damage initiation in composites. To
illustrate the capability of OCT for imaging damage, an epoxy/uni-directional E-glass composite
was subjected to impact damage, and imaging was performed along a surface crack. Figures
12A through 16A show the damage along the x-y plane through the first layer of composite and
are all 5.50 mm wide and 1.98 mm high. Of course, there is always an issue of shadowing of
highly reflecting features such as cracks. The resulting shadowing is not a consistent problem
and requires further study. Figures 12B through 16B are y-z images showing the position of the
tows designated by the dark colored crossing thread and are 1.98 mm wide (y axis) and 2.23 mm
high (z axis). The arrow on the left of these figures indicates the position of the image in figures
12A through 15A with respect to the tow placement.

The damage at the surface of the composite is shown in figure 12A by the arrow, which points to
the ridge created by the impact. Figure 13A shows a slice of the composite 337 um below the
surface. The black lines are drawn into this and subsequent figures to indicate the path of the
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tows. Arrows 1 and 2 indicate cracks propagating through the fiber tow. Arrow 3 shows the
polyester crossing threads that hold the top layer together. Figure 14A shows images that are
460 um from the surface. The crack indicated by arrow 1 is beginning to propagate along the
tow and resin boundary. It is about 820 um long and is shown to be approaching the bottom of
the tow in Figure 14B. The crack extends to 1.8 mm long in Figure 15A and is 550 um from the
surface as shown by arrow 1. The polyester stitching is still evident (arrow 2). Finally, a
delamination zone is shown by the white arrow in Figure 16A at the interface between the
bottom of the first tow layer and resin (Figure 16B). The delamination is about 1.9 mm wide and
0.50 mm high and 652 pm from the surface. This crack continues to propagate into the second
layer, and a delamination area is found at 1.66 mm down as well. Damage in the direction of the
tows is consistent with impact damage observed in other composites.*> Comparison of these
results with complementary techniques such as x-ray CT and optical microscopy is the subject of
ongoing work.
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SUMMARY AND FUTURE DIRECTIONS

This work has demonstrated the potential of OCT as a NDE tool for polymer matrix composites.
OCT goes beyond typical composite NDE because of its ability to image microstructure in
addition to damage, and has been shown to yield results in good agreement with optical
microscopy. For the first time, microstructural information obtained non-destructively was used
in the prediction of an important reinforcement property, the permeability. A more complex
reinforcement was imaged showing the effect of mold compaction on layer placement and
orientation, which is also important for permeability considerations. Of equal importance, OCT
was used as a rapid non-destructive probe for damage, suggesting the concurrent use of
mechanical testing and OCT. OCT provided absolute information on the location and size of the
defects with the resolution required to detect damage initiation.

In the immediate future, in-house instrumentation will be used to optimize image collection by
varying the confocal parameter, scanning and stage velocity, and bandpass. The potential
applications of OCT to the field of PMCs are plentiful. Extending the permeability prediction to
OCT images with more complex reinforcement is of great interest. Using OCT coupled with
fatigue testing to monitor the initiation and progression of damage is also planned. Imaging of
short fiber glass thermoplastic composites is extremely important for determination of fiber
orientation distribution, a critical property of this material in a high volume market. However,
short fiber glass in themoplastic composites is nominally 10 um in diameter and challenges the
instrumental resolution. More far reaching ideas are using tunable sources to probe how
moisture or other environmental fluids diffuse into the composite. Also, polarized OCT could be
used to probe residual stress in composites which could help in understanding their design and
failure.

ACKNOWLEDGEMENTS

I would like to gratefully acknowledge Professor James Fujimoto for the use
of his OCT instrumentation and insightful discussions. There were a number of
members of his laboratory that kindly shared their time and expertise with us
including Drs. Brett Bouma, Jergen Herrmann and Xingde Li, and Mr. Rohit
Prasankumar.

I also would like to thank the people in my group that contributed so much to
the success of my work. I would first like to thank my group leader, Dr. Richard
Parnas, for his full support of my work. I am grateful to Dr. Carl Zimba for much
of the data collection and for his willingness to mentor me through a lot of
explanation of the phenomena and hardware. There are also many other people
that have contributed in their own way such as Drs. Frederick Phelan for the
modeling, Donald Hunston for his help on the damage aspects of the work, and
Richard Peterson for permeability measurements. I also wanted to specially
acknowledge our technician, Ms. Kathleen Flynn, for doing all of the hard work.

13



Lastly, I also wanted to acknowledge Dr. Matt Everett and his group in the
Medical Technology Program at Livermore National Laboratory for their
continued efforts in helping me build an OCT system.

14



FIGURE CAPTIONS

Figure 1:Composite cables, decks, and towers at the Aberfeldy Bridge, Scotland.

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Figure 9:

Schematic representation of the solid state laser and OCT system layout.

Schematic showing the laser orientation and sampling directions with respect to the
composite.

As collected OCT image of unidirectional E-glass fibers in epoxy resin.

OCT volumetric reconstruction of an epoxy/unidirectional E-glass composite.

An x-y cross-section that is 740 [Im from the surface. Arrows indicate regions of
high reflectivity that correspond to polyester stitching (1) and voids (2).

Images of vinyl ester resin/E-glass composites with low (A.) and high (B.) void
content.

Comparison of OCT image (A.) and optical micrograph (B.) for high void vinyl ester
resin/E-glass sample.

Comparison of OCT image (A.) and optical micrograph (B.) for high void vinyl ester
resin/E-glass sample.

Figure 10: OCT volumetric reconstruction of an epoxy/0-90° woven E-glass composite.

Figure 11: Original grayscale OCT image of the epoxy/ unidirectional E-glass composite. (A.),

Binary OCT image after automated image processing (B.).

Figure 12: OCT image of impact damaged epoxy/unidirectional E-glass composite. 0 um from

surface along the x-z plane (A.). Along the y-z plane showing placement of tows via
polyester stitching (B.).
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Figure 13: OCT image of impact damaged epoxy/unidirectional E-glass composite. 337 pm
from surface along the x-z plane (A.). Along the y-z plane showing placement of
tows via polyester stitching (B.).

Figure 14: OCT image of impact damaged epoxy/unidirectional E-glass composite. 460 pm
from surface along the x-z plane (A.). Along the y-z plane showing placement of
tows via polyester stitching (B.).

Figure 15: OCT image of impact damaged epoxy/unidirectional E-glass composite. 550 pm
from surface along the x-z plane (A.). Along the y-z plane showing placement of
tows via polyester stitching (B.).

Figure 16: OCT image of impact damaged epoxy/unidirectional E-glass composite. 652 pm
from surface along the x-z plane (A.). Along the y-z plane showing placement of
tows via polyester stitching (B.).

TABLE CAPTIONS

Table 1: Values of experimental and calculated permeabilities and corresponding Brinkman
fraction.
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Figure 3
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Table 1

Sample Name Type of Image Axial K Transverse K Anisotropy | Brinkman
Processing Set x 10* (mm?) | x 10 (mm?) Ratio Fraction

Experimental - - 5.3+1.1 - - 0.770

Data 1 Manual 87-91 4.45 0.882 5.06 0.767

Data 2 Manual 75-95 3.81 0.992 4.11 0.788+0.021

Data 3 Automated 75-95 2.83 0.654 4.32 0.768+0.021
No Smoothing

Data 4 Automated 75-95 3.18 0.991 3.21 0.750+0.027
Smoothing

Data 5 Automated 4-24 5.09 0.934 5.45 0.72740.014
Smoothing

Data 6 Manual 75-95 2.73 0.662 4.12 0.795+40.021
Roughened

Data 7 Manual 75-95 2.99 0.767 3.90 0.837+0.020

Dilated
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